Reaction centers were found to bind two ubiquinones, both of which could be removed by o-phenanthroline and the detergent lauryldimethylamine oxide. One ubiquinone was more easily removed tan the other. The lowtemperature light-induced optical and electron paramagnetic resonance (EPR) changes were eliminated and restored upon removal and readdition of ubiquinone and were quantitatively correlated with the amount of tightly bound ubiquinone. We, therefore, conclude that this ubiquinone plays an obligatory role in the primary photochemistry. The easily removed ubiquinone is thought to be the secondary electron acceptor. The low-temperature charge recombination kinetics, as well as the optical and EPR spectra, were the same for untreated reaction centers and for those reconstituted with ubiquinone. This indicates that extraction and reconstitution were accomplished without altering the conformation of the active site. Reaction centers reconstituted with other quinones also showed restored photochemical activity, although they exhibited changes in their low-temperature recombination kinetics and light-induced ( The presence of stoichiometric amounts of iron in RC's (7) and the observation of a broad electron paramagnetic resonance (EPR) signal (7-9) led to the hypothesis that iron was the primary acceptor. This hypothesis was questioned by Loach and Hall, who reported full photochemical activity in iron-depleted preparations (10). They observed a new, narrow, light-induced EPR signal that was shown to be due to a ubiquinone (UQ) radical (11, 12 
The primary photochemical act in bacterial photosynthesis involves the light-induced electron transfer from a primary electron donor to a primary electron acceptor in a bacteriochlorophyll-protein complex called the reaction center (RC). The primary electron donor is well characterized and is thought to be a specialized bacteriochlorophyll dimer (1) (2) (3) (4) (5) . The primary* electron acceptor, on the other hand, has so far eluded definitive identification. (For a recent detailed review on this subject, see ref. 6 ). Several pieces of evidence concerning its nature have, however, accumulated during the past several years.
The presence of stoichiometric amounts of iron in RC's (7) and the observation of a broad electron paramagnetic resonance (EPR) signal (7) (8) (9) led to the hypothesis that iron was the primary acceptor. This hypothesis was questioned by Loach and Hall, who reported full photochemical activity in iron-depleted preparations (10) . They observed a new, narrow, light-induced EPR signal that was shown to be due to a ubiquinone (UQ) radical (11, 12) . In addition, optical absorbance changes in illuminated RC's, similar to those observed in UQ anion radicals, were reported (13) (14) (15) . To (17) , it was concluded that the transition metal ion can play only a secondary role in the primary photoact (16) . This was confirmed by Mossbauer studies which showed that the valence of iron was the same (Fe2+) in both the oxidized and reduced acceptor molecule (16, 18) .
Chemical evidence supporting the role of UQ has come from the experiments of Cogdell et al. (19) , who extracted (and re-added) UQ from chromatophores and RC's and observed an accompanying loss (gain) of photochemical activity. However, these experiments involved extractions with organic solvents, which are known to cause serious denaturation of RC's. Consequently, an accurate correlation between photochemical activity and UQ content, as well as the conformation of the reconstituted RC's, was difficult to determine.
In the present study we have developed a method for UQ removal and readdition that avoids the use of organic solvents. We have shown that 1 (1) Optically by using the IR-2 mode of the Cary 14 as the strong (actinic) light source and measuring the bleaching at 890 nm. The sample was in thermal contact with a copper "cold finger" that was immersed in liquid nitrogen, and was in a Pyrex dewar with optically flat windows. (2) By measuring the amplitude of the light-induced EPR signal at g = 2.0026. The percent of activity agreed for both cases with the amplitude extrapolated to infinite light intensity obtained from a plot of reciprocal amplitude versus reciprocal light intensity. The kinetics of the light-induced changes were measured as described earlier (17) . The EPR spectrum of the broad signal was obtained with light modulation (7, 17) (rather than magnetic field modulation). In this mode of operation the output signal is proportional to the absorption X" rather than the usually observed derivative dX"/dH.
EXPERIMENTAL RESULTS Removal of ubiquinone The UQ content of purified RC's was found to be close to 2 molecules/RC. UQ was removed by incubating RC's in the presence of LDAO and o-phenanthroline. By varying the concentration of protein, LDAO, o-phenanthroline, and the incubation period, different amounts of bound UQ were removed. The number of UQ's that remained bound to RC's under different conditions is shown in Fig. 1 . It is seen that one UQ molecule is easily removed (Fig. 1, top two curves) while the removal of the second molecule requires more rigorous conditions (Fig. 1, bottom Fig. 2 shows the amount of UQ bound as a function of UQ added.
The photochemical activity of untreated, UQ-depleted, and reconstituted RC's was measured at cryogenic temperatures. Two independent criteria were used for measuring the activity: (1) The light-induced change in absorbance of the 890 nm peak (Fig. 3a-c) and (2) the amplitudes of the two light-induced EPR signals (at g = 2.0026 and g = 1.8) corresponding to the donor (D+) and acceptor (A-) (Fig. 3d-f) Fig. 1 ). Reaction centers (A'ool cm = 2) in 1% LDAO were incubated with 14C-labeled ubiquinone for 10 hr at 41C. the UQ-depleted RC's, both the light-induced optical and EPR changes were fully restored (compare Fig. 3a with Sc, and 3d with Sf).
The low-temperature decay constant TD, obtained from the time dependence of the EPR amplitude, defined by A(t) = Ao e1t/TD was measured for untreated and reconstituted RC's. At 800K, TiD of the narrow EPR signal was found to be 28 4 2 msec for the untreated and 29 i 2 msec for the reconstituted RC's. The same values of TTD were obtained at 2.10K for both the broad (g = 1.8) and the narrow (g = 2.0026) EPR signals. In order to prevent the electron spinlattice relaxation from becoming the rate-limiting process at this low (2.1OK) temperature, the measurements were performed under partial microwave saturation of the narrow EPR line (16, 17) .
The quantitative relation between low-temperature photochemical activity and UQ content was determined on two sets of samples. In one, UQ was removed to varying degrees and in the other different amounts of UQ were added to UQ-depleted RC's. The results on both sets of samples are shown in Fig. 4 . The light-induced optical changes and EPR amplitudes were normalized to untreated RC's. The dotted line, which approximates the experimental points fairly well, represents the expected light-induced changes if one UQ per RC is required for activity.
Reconstitution of reaction centers with other quinones
In order to understand the structural requirements of the primary acceptor, other quinones were used to reconstitute UQ-depleted RC's. A list of quinones that were successfully incorporated is shown in Table 1 . No detailed studies of incorporation, like those shown in Fig. 2 , were performed; in most cases, however, it was found that a 5-times excess of added quinone resulted in close to maximum low-temperature activity.
Two parameters that are believed to reflect the environment of the acceptor were measured: (1) The low-temperature decay time -TD (see previous section), and (2) the line width AH (full width at half amplitude) of the broad acceptor signal at g = 1.8. Both of these parameters changed when RC's were reconstituted with quinones other than UQ and are summarized in Table 1 
DISCUSSION AND CONCLUSION
We have shown that RC's bind two molecules of UQ which are distinguishable by their ease of removal with LDAO and o-phenanthroline (Fig. 1) . The more loosely bound UQ is not required for the primary photochemistry and probably represents the secondary electron acceptor (6, 26) . The ease of displacement of this UQ by o-phenanthroline offers a simple explanation of the inhibitory effect of o-phenanthroline on electron transfer to secondary electron acceptors (27) . A possible mechanism of the removal of the UQ's by o-phenanthroline is the latter's binding to Fe2+, thereby displacing the UQ's. This suggests that both UQs' are situated in close proximity of the iron. The observation that reducing conditions facilitate the removal of one UQ is consistent with a mechanism of electron transfer in intact membranes that involves the release of the reduced secondary UQ from the RC to a UQ pool.
The tightly bound UQ was found to be quantitatively correlated with the disappearance and recovery of the lowtemperature photochemical activity (Figs. 3 and 4) . We conclude, therefore, that in R. spheroides it plays an obligatory role in the primary photochemistry. Several authors working with Rhodospirillum rubrum and Chromatium have concluded that UQ cannot be important in the primary photochemical act (28) (29) (30) . These conclusions were based on the (17) . Consequently, TD should depend in a sensitive way on the shape of the potential barrier and the ionization (redox) potentials of the primary reactants (17 
